I. ABSTRACT
Magnetic reconnection is a process whereby magnetic field lines in different directions "reconnect" with each other, resulting in the rearrangement of magnetic field topology together with the conversion of magnetic field energy into the kinetic energy (K.E.) of energetic particles
1 . This process occurs in magnetized astronomical plasmas, such as those in the solar corona, Earth's magnetosphere, and active galactic nuclei, and accounts for various phenomena, such as solar flares 2 , energetic particle acceleration 3 , and powering of photon emission 4 . In the present study, we report the experimental demonstration of magnetic reconnection under relativistic electron magnetization situation, along with the observation of power-law distributed outflow in both electron and proton energy spectra. Through irradiation of an intense laser on a "micro-coil", relativistically magnetized plasma was produced and magnetic reconnection was performed with maximum magnetic field 3 kT. In the downstream outflow direction, the non-thermal component is observed in the high-energy part of both electron and proton spectra, with a significantly harder power-law slope of the electron spectrum (p = 1.535 ± 0.015) that is similar to the electron injection model 5 proposed to explain a hard emission tail of Cygnus X-1, a galactic X-ray source with the same order of magnetization. The obtained result showed experimentally that the magnetization condition in the emitting region of a galactic X-ray source is sufficient to build a hard electron population through magnetic reconnection.
II. MAIN
Magnetic reconnection occurs widely in universe 1 , making it very natural to perform studies based on telescopic observations of accessible astronomical plasmas. However, the number of cases that can be directly studied based on such plasmas is limited, because most of the consequences of magnetic reconnection occur at locations that are too distant to perform direct measurement. With the need for further study on the fundamental physical processes involved in magnetic reconnection, attempts to observe it in laboratory plasma have been made using different approaches, mainly categorized into magnetic confined plasma 6 or laser-produced plasma 7 . With novel experimental techniques for generating plasma in the laboratory, astrophysical phenomena became attainable in the laboratory 2 environment for direct observation, as long as an appropriate scaling law is applied 7 .
Several schemes to observe magnetic reconnection using an intense laser have been demonstrated in previous studies. Zhong et al. simulated a solar flare X-ray loop-top source by producing a pair of expanding plasma bubbles around the focus spots of an intense laser, with a frozen-in magnetic field generated by the Biermann battery effect 7 . Pei et al. observed low-β (β = 2µ 0 nk B T /B 2 ) magnetic reconnection using a magnetic field generated by laserdriven intense current in a double coil 8 . These experiments are performed with "long-pulse"
(pulse duration on the order of nanoseconds) lasers having intensities of 10
Raymond et al. demonstrated magnetic reconnection through a pair of plasma bubbles using a similar method but a relativistic intensity, shorter-pulse laser (I > 10 18 W/cm 2 ) to achieve a lower β value 9 .
In the present study, we describe the novel magnetic reconnection scheme, as shown in Fig. 1 . The magnetic reconnection experiment is performed using a "micro-coil", which was first proposed by Korneev et al. as the generation scheme of a sub-gigagauss magnetic field by laser-induced electron acceleration 10 . As the laser enters the micro-coil and propagates along the curved surface by multiple reflections at shear incidence 11 , a current of accelerated electrons is established along the surface 12 (j s ). Quasi-instantaneously a return current of thermal electrons j r sets up, neutralizing the current of super-thermal electrons 10 . With the tendency of charge neutrality, the net current j n = j r + j s always points away from the laser-plasma interaction site, where an electron vacancy is generated due to the electron ejection in the high-energy tail of the electron spectrum. Instead of one-directional j n [10], we generated bi-directional j n in a single micro-coil by simultaneous laser irradiation on two separated sites. This is achieved using a laser beam with a sufficiently large focus spot size, comparable to the opening of the micro-coil. A portion of a laser beam enters from the opening of the micro-coil and multiple reflections are performed, while the remaining part of the laser beam is irradiated on the opposite edge, resulting in an additional j n pointing in the opposite direction. Based on these processes, a pair of kilo-tesla, anti-parallel magnetic fields, B 0 , was generated around these bi-directional currents, while expanding plasma was produced along the entire inner surface of the micro-coil by the irradiation of multiple reflected laser beams that entered the micro-coil. As a typical consequence of laser-plasma interaction, the plasma expanded radially inward with the frozen-in anti-parallel magnetic field and converged around center of the micro-coil. This geometrical configuration is prone to make magnetic reconnection occur, as demonstrated by our measurements. and j 0 be Alfvén velocity, magnetic field and current density in simulation respectively, as previous study 13 .
The experiment was performed at the petawatt laser facility LFEX, with maximum 4-beam capability of maximum energy of 500 J per beam at a wavelength of 1,053 nm 14 . In this experiment, two beams of LFEX were operated. One beam of LFEX (pulse duration:
1.2 ps, average energy: 330 J) was focused on the micro-coil with a focus spot having a full width at half maximum (FWHM) of 40 µm, corresponding to a peak laser intensity of 1.4 × 10 19 W/cm 2 . The micro-coil was fabricated from 10-µm-thick Cu foil, with a radius of 150 µm and a length of l = 500 µm along its rotational axis. The reconnection magnetic 4 field configuration inside the micro-coil was characterized experimentally by proton deflectometry, a magnetic field diagnosis method by observing and analyzing the deflection of a probing proton beam 15 , which is applicable on kilotesla magnetic field in sub-mm scale 16, 17 .
In order to generate the proton beam, another beam of LFEX was focused on an Al foil to perform proton acceleration by the target normal sheath acceleration mechanism 18 , with adjustable time difference ∆t from the micro-coil irradiation, which is provided by the capability of LFEX inter-beam synchronization. Stacks of radiochromic film (RCF) were placed in both the radial and axial directions in order to record the spatial distributions of protons in accelerated reconnection outflow jets. Energy spectra of protons and electrons in the jets were recorded by a Thomson parabola spectrometer (TPS) 19 placed at one side of the axial direction of the micro-coil, and an electron spectrometer (ESM) was placed at the opposite side.
Before observation of the magnetic reconnection outflow, the magnetic field geometry and amplitude were characterized experimentally. The probing proton beam was deflected under a magnetic field, the deflected pattern was then recorded by a RCF stack placed in the radial direction in respect to the micro-coil axis (see Fig. 2 ). Monte-Carlo particle tracing simulations, combined with our magnetic field model, showed a correlation between the size of the deflected pattern and the current amplitude, determined the magnetic field inside the micro-coil as B 0 = 3.0±0.3 kT. The analysis procedure is briefly described as follows. Based on a study by Korneev et al. 10 , and further confirmed by PIC simulation, the magnetic field configuration during interaction is correlated with the direction of current flow between the two magnetized regions that carrying the reconnection magnetic field, B 0 , in opposite directions (indicated as "Current sheet" in Fig. 1 ). From the RCF stack placed in the radial direction, we observed a proton beam accelerated along this current sheet, indicated as "Proton along field boundary" in Fig. 2 , and therefore determined the magnetic field geometry. Based on this result, we have sufficient constraints for modeling a magnetic field profile, including both j n and the current sheet component. Details of this magnetic field analysis are given in the Methods Section.
From two ends of the micro-coil, RCF stacks detected a pair of symmetric proton jets with a maximum K.E. of 6.7 MeV, as shown in Fig. 2 , which was interpreted as a typical magnetic reconnection outflow. These proton jets were verified to be a product of magnetic reconnection through PIC simulation, which only appears during simulation conditions in which a bi-directional magnetic field is initially generated and magnetic reconnection occurs. In these simulations, the existence of the magnetic reconnection was traced using
where γ e is the Lorentz factor of bulk electrons, j the current density, E and B the local electric and magnetic field, v e the average velocity of electrons and ρ c the charge density. This dissipation measure is a
Lorentz-invariant scalar quantity of the energy transfer from the electromagnetic field to the plasma in the rest frame of the electron 13 , which is validated in laser-produced plasma 20 .
Magnetic reconnection sites are correlated to the observation of proton jets and bi-directional currents, but not in cases in which neither proton jets nor bi-directional currents are gen-erated. For example, the contour line of D e = 2 × 10 26 is indicated in Fig. 1(b) , which, in our setup configuration, consistent with the expected site for the field reconnection. In this experiment, the source of hydrogen atoms for such a proton jet is a contamination layer with a thickness of nanometers that formed on the surface of the micro-coil, which is a common feature in laser experiments 21 .
Similar experimental shots were performed, but with shorter micro-coils (l = 100 µm).
Proton jet was experimentally observed in the axial direction by RCF, with a significantly larger value of the estimated maximum K.E. of 19.6 MeV. In such shorter micro-coils, our 3D-PIC simulations showed that the global magnetic field amplitude did not vary significantly. However, this gives a narrower current j n through the micro-coil, which is the dominating constraint of the magnetic field geometry. This suppressed the intense current growth inside the electron diffusion region (recognized as region with significant electron dissipation in simulation), which lead to enhancement of the magnetic reconnection rate, the reconnection electric field, and thus an increase in jet particle energy.
The most important result is that power-law distributions with different spectrum steepness were observed in proton and electron energy spectra. As a benefit of this higher maximum proton K.E. in the outflow proton jet, its energy spectrum was clearly measured by TPS (with a K.E. lower limit of 6 MeV for protons), as shown in Fig. 3(a) . The maximum K.E.
obtained by TPS measurement was 18.8 MeV, which is consistent with RCF stack measurement. The proton spectrum could be well fitted by a power law, N (E) = N 0 E −p , with a slope of p = 3.013. Similarly, the outflow electron K.E. spectrum was measured by ESM, as shown in Fig. 3(b) . Both thermal and non-thermal components could be observed from the electron spectrum, as a benefit of ESM's wider detection range from 100 keV to 100 MeV.
Uncertainty of ESM was included in the plot, ±4.5% on electron energy due to calibration uncertainty and ±5% on electron number due to detector response uncertainty for electrons.
With these uncertainties accounted, power-law fitting on a non-thermal component yielded p e = 1.535 ± 0.015, which is a much harder spectrum than that of the protons. Synthetic spectra of particles escaped from PIC simulation box along the jet direction are plotted in Fig. 3(c,d) , reproducing the experimental observed features. The cut-off particle energy in simulation is one order lower than experimentally measured spectra, as the consequence of This difference between the observed hard electron spectrum and the steeper proton powerlaw spectrum could be explained by the reconnection field direct acceleration process pro- σ hot e , a hard electron spectrum is expected to be generated through direct acceleration by reconnection electric field, while the proton magnetization is σ hot p < 1, consistent with the steeper power-law spectrum 23 .
In Table 1 , we list the results for our laboratory study and some typical astronomical as candidate of X-ray emission mechanism, that can account for constraints according to recent detection on Cygnus X-1, as long as hard electron spectra p = 1.4 − 1.5 are formed in the jets by efficient particle acceleration 5 . We experimentally showed such a hard electron population could be built in the magnetic reconnection outflow jet, under inflow electron magnetization σ cold e = 20 − 100, which is similar to the electron magnetization of galactic X-ray source Cygnus X-1. According to recent simulation results 23 , the power-law slope of accelerated electron depend mainly on σ e and v A , independent of other parameters including simulation spatial scale or time duration. Based on this relation, we would like to emphasize that our result experimentally showed the possibility of hard electron spectrum formation in Cygnus X-1 through magnetic reconnection.
In conclusion, in the present study, the magnetization condition for a typical galactic X-ray source is reproduced in a laboratory magnetic reconnection experiment through generation of a kilotesla-order magnetized relativistic plasma using the micro-coil scheme. In contrast to previous attempts to study astrophysical phenomena by applying scaling law on laboratory plasma, most of the plasma parameters in our experiment are directly comparable to that of Cygnus X-1. Main differences are the spatial and temporal scales, which are reflected in the difference of cut-off electron energy γ max mc 2 between our experiment and Cygnus X-1 jet model 5 : γ max ∼ 20 was detected in our experiment in a system of 100 µm (10 −4 m), while γ max ∼ 10 6 was modeled in Cygnus X-1 jets at height h = 7 × 10 9 m from plane of binary plane. With the fact that the unknown spatial scale of magnetic reconnection region contributed to the outflowing particle energy must be shorter than this height, the 10 14 difference in system scale do not contradict to the 10 5 difference in cut-off energy.
Spatial scale of magnetic reconnection region in Cygnus X-1 could be estimated, if further studies are performed on this scaling in electron-ion plasma in future. Nevertheless, the electron magnetization and the associated reconnection dynamics between our experiment and Cygnus X-1 are directly comparable. Therefore our results experimentally showed the possibility of magnetic reconnection contribution to X-ray emission from galactic X-ray source, such as Cygnus X-1, through Compton upscattering of stellar blackbody photons as Zdziarski et al. 5 suggested.
III. METHOD
A. Three-dimensional particle-in-cell simulation
Numerical simulations of the laser-plasma interaction and its resulting electromagnetic field and particle kinetics were performed by a three-dimensional particle-in-cell (PIC) simulation code EPOCH 28 . In these simulations, plasma representing the micro-coil is initially configured by the target shape analytically defined 10 : r(θ) = r 0 [1 + (δr/r 0 )(θ/2π)].
Limited by our available computational resources, the target size in our simulation is 1/30 of the real target in all dimensions, r 0 = 3 µm and δr = 2 µm. Moreover, collision effects are not included in this simulation. The simulation box is 300 × 300 × 1, 250 cells in Cartesian coordinates, corresponding to 12 × 12 × 50 µm, and a single time step is 0.059 fs.
The coordinate system is defined as follows. The cross section of the micro-coil is on the x-y plane, with the x-axis parallel to the incident laser propagation direction, and the y-axis parallel to its polarization. The z-axis is the axial direction of the micro-coil, as well as the main direction of the reconnection magnetic field. The micro-coil cross-section density profile is shown in Fig. 4 (Extended Data). In addition, r(θ) is defined in polar coordinates with the origin set at x = y = 5.5 µm, where θ = 0 is in the +y direction, and θ increases in the anti-clockwise direction.
The target consists of two layers. An outer layer representing the bulk of the microcoil, and an inner layer representing the pre-plasma generated by the nanosecond-order pre-pulse before the arrival of the main pulse. The outer surface consists of fully ionized copper plasma with an ion density of n i = 1.5 × 10 21 cm −3 , one ion, and 29 electrons per cell. The inner layer consists of proton plasma with an exponential density profile of n p = n e = 40n c · e −d/τ , where n c = 1.01 × 10 21 cm −3 is the electron critical density, d
represents the distance from the outer layer, and τ = 0.1 µm. In the proton plasma, five protons and five electrons are placed per cell. The real ion-electron mass ratio is used in this simulation. This density profile is uniform along the z-direction, with a finite length of from 3.3 to 16.7 µm, representing different types of micro-coils in the experiment.
In the simulation, the incident laser entered the simulation box from the −x side boundary.
For the maximum laser intensity, I 0 = 1.0 × 10 19 W/cm 2 at a wavelength of λ 0 = 1.05 µm, a FWHM of the Gaussian intensity distribution of 1.33 µm, a temporal Gaussian pulse at FWHM of 1.2 ps, and a peak intensity at t = 0.75 ps. Polarization of the incident laser is p-polarization, which is the actual experimental condition. In order to separate out the incidence laser field, electromagnetic field snapshots are averaged for a single laser period.
B. Magnetic field analysis
The deflected protons were recorded by an RCF stack consisting of a number of RCFs and aluminum filters positioned 3 cm from the micro-coil. The signal detected by the RCFs depends solely on the particle energy deposition within the thin (7 − 15 µm) active layer Therefore, the spatial pattern of the signal on a single RCF can be reasonably assumed to be dominated by protons carrying K.E. that correspond to the Bragg peak on the active layer. The value of K.E. corresponding to each RCF layer is calculated by the PHITS Monte Carlo particle transport simulation code 29 .
Here, we refer to a single RCF layer corresponding to a proton K.E. of 8.5 MeV, which was chosen such that the deflected pattern was expected to be most clearly observed. The corresponding proton velocity, v p = 4.0 × 10 7 ms −1 , has a time of flight of t = l/v p = 75 ps for l = 3 mm, which is the distance between the proton generation site and the micro-coil.
We then set the LFEX inter-beam time difference such that time difference between laser irradiation of two targets is δt = 69 ps in order to capture the magnetic field generated during and after the laser irradiation. The unaffected proton beam pattern and deflected proton beam pattern are shown in Fig. 5 (Extended Data).
In order to determine the magnetic field from a single deflected proton pattern, the magnetic field geometry must be assumed. Here, we constructed a current model assuming that the magnetic field is generated by current flow along the micro-coil and the current sheet (indicated by green and purple arrows, respectively, in Fig. 1 ). In this model, the micro-coil is modeled as the analytical defined shape r(θ) = r 0 [1 + (δr/r 0 )(θ/2π)], with r 0 = 100 µm, δr = 50 µm. Schematic diagram of the current model is shown in Fig. 6(a) . The current density is assumed to be uniform along the z-direction, and the extension length is assumed to be the same as the length of the micro-coil (500 µm). Based on our PIC simulation results, the current flow along the micro-coil could be properly modeled as varying linearly along the θ direction with two different current density values at the ends of the micro-coil.
The modeled coil current distribution is plotted in Fig. 6(b) . The current sheet is modeled at the center of the micro-coil.
In this current model, the orientation of the current sheet and the current density value at micro-coil ends must be assumed. As we observed from PIC simulation results, the tangential current density at the intersection between the current sheet and the micro-coil is close to zero. This is used as an additional constraint, and our current model is well defined as long as the current sheet direction is known. As mentioned in the Main section, this direction was experimentally determined by measuring the proton beam direction, which is 145
• from the incidence laser direction. Based on this constraint, the current sheet is in parallel to this direction, and the current amplitudes at the ends are I 0 and −0.66I 0 . In the simulation, the amplitude of the current sheet is assumed constant across the micro-coil.
With this magnetic field model depending only on the value of I 0 and current sheet, From the three-dimensional PIC simulation described in the Method section, we found that laser irradiation of both ends of the micro-coil is the condition for bi-directional current generation, which initiated magnetic reconnection inside the micro-coil in our experiment.
We performed PIC simulations for two different cases. In the previous study 10 , the formation of current flow between the anti-parallel magnetic field regions was identified as a consequence of fast electrons confined by the kilotesla-order magnetic field. Based on Fig. 8(a) (Extended Data), a similar current structure is observed at the center of the micro-coil. At the same time, this confinement decouples electrons from ions, which generates an electric field that points into the current flow. The x-component of the electric field E x on the x-z plane is shown in Fig. 9 (Extended Data), which clearly shows this feature around the current sheet. As a result of this effect, a fraction of protons (fewer than the number of electrons) is guided along the current flow, so that the net current is dominated by electron flow. Through this mechanism, protons are guided along the magnetic field boundary and escape from the micro-coil as a proton beam along the direction parallel to this boundary.
In the experiment, this proton beam is detected by an RCF stack, and the results are shown in Fig. 10 (Extended Data). The proton flux has a single peak at 145
• from the incidence laser direction. In our magnetic field model, we approximated the magnetic field configuration with a boundary aligned along this direction. Moreover, at the intersection between the current sheet and micro-coil, the tangential component of current density changes its sign where its magnitude falls to zero, as shown in Fig. 8 (Extended Data). This feature is included as an assumption in the magnetic field model. 
